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Abstract—The emergence of the fifth generation wireless net-
works (5G) and the Internet of Things drives the research
on radio access networks (RANs). Future wireless networks
aim to deliver a dramatic increase in bandwidth to an ever
increasing amount of connected devices. To realize such a vision,
advanced optical transceivers that link the base-station and
the antennas will be required. In this work we present the
first demonstration of an integrated silicon photonic radio-over-
fiber (RoF) transmitter and receiver, consisting of a directly
modulated III-V-on-silicon distributed feedback laser and a Ge-
on-Si waveguide photodiode co-integrated with a linear SiGe
BiCMOS transimpedance amplifier respectively. Transmission of
a high-spectral-efficiency Long-Term Evolution (LTE) 20 MHz
bandwidth 120 Mbit/s 64-QAM OFDM signal on a 3.5 and 5 GHz
carrier over 5 km of standard single mode fiber is demonstrated.
We further demonstrate the transmission of 16 Gbps 16-QAM
data on a 20 GHz carrier over a 5 km link with a received
error vector magnitude of 7%. The use of silicon photonics
provides the possibility of scaling, very much needed in the
wireless communication networks of the future.
Index Terms—Silicon photonic transceivers, Radio-over-Fiber,
Microwave Photonics, DFB lasers
I. INTRODUCTION
We are on the brink of a fully connected society, where
everyone and everything is constantly exchanging information.
Two pillars of this future society are the fifth generation
wireless network (5G) and the Internet of Things. The goals
for the 5G network are incredibly ambitious: delivering 10
Gbps connections to users, seamless connectivity, low-latency
and a total data traffic increase of a 1000-fold. To achieve
these ambitious goals, radio access networks (RANs) will need
to be rethought. Future RANs will need to incorporate small
cells, use of higher carrier frequencies and massive MIMO.
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Especially in a cloud-RAN configuration, where the small
cells are coordinated by a centralized base-station, radio-over-
fiber (RoF) links can play an essential role[1]. Given the
the large number of links that would be needed in such a
cloud RAN, a low-cost and scalable transceiver solution is
needed. Integrated microwave photonics (IMWP) is the ideal
technology to realize this [2].
Many promising IMWP functions and sub-systems have
been demonstrated such as tunable delays, tunable filters
and beamforming networks[3][4]. Most of these photonic
integrated circuits (PICs) were realized in passive photonic
technologies, using external active components. In a recent
demonstration a monolithic integrated photonic microwave
filter was realized on the InP platform [5], including the
integration of laser sources, optical modulators and pho-
todetectors, which is an important milestone. As a hybrid
approach, III-V-on-silicon photonic integrated circuits can also
be used for integrated microwave photonics, combining the
low loss of silicon / silicon nitride waveguide circuits with the
active functionality implemented in III-V semiconductors. This
technology has shown promising results for agile microwave
signal generation [6] [7] and highly linear modulators [8].
While different IMWP functions have been demonstrated,
the important functionality of integrated analogue RoF trans-
mitters (Tx) and receivers (Rx) remains to be demonstrated. In
this paper, we demonstrate the use of III-V-on-silicon Tx and
silicon photonic receivers for RoF links. A III-V-on-silicon
distributed feedback laser is used at the Tx side. For RoF
links it is interesting to use a directly modulated laser instead
of a continuous wave laser and a Mach-Zehnder Modulator
(MZM), as the insertion loss of the external modulator is
eliminated this way and the component count is reduced.
At the receiver side high-bandwidth waveguide-coupled Ge-
on-Si photodetectors are used, integrated with a linear SiGe
BiCMOS transimpedance amplifier (TIA). The scalability and
cost-effectiveness of such Tx and Rx PICs make them a great
candidate for mass deployment in future RANs. We perform
two link experiments using these silicon photonic transceivers,
showcasing their potential for various waveforms. In a first
experiment we transmit a high-spectral-efficiency LTE-type
64-QAM orthogonal frequency division multiplexing (OFDM)
signal over 5 km single mode fiber at 3.5 and 5 GHz carrier
frequency. The quasi error free performance of these links
attests to the linearity and low noise of the Tx and Rx. In a
second experiment, using the same transmitter but a higher
2bandwidth receiver, we transmit a broadband 16 Gbps 16-
QAM data signal on a 20 GHz carrier over a 5 km single
mode fiber link, demonstrating that high bitrate transmission
can be obtained using these integrated devices.
The remainder of this paper is divided in three main
sections. In the first section we describe the use of the III-
V-on-silicon laser transmitter and Ge-on-silicon waveguide
photodiode receiver (with integrated TIA) for the LTE link at
3.5 GHz and 5 GHz carrier frequency. The positive impact of
using the Ge-on-Si photodiode in avalanche mode is discussed.
In the second section we describe the use of the same III-V-
on-silicon transmitter together with a higher bandwidth silicon
photonic waveguide-coupled Ge-on-Si lateral p-i-n photode-
tector receiver (again with integrated TIA) for 16 Gbps 16-
QAM data transmission at 20 GHz carrier frequency. These
16-QAM results are an extension of the content presented
in [9]. In the final section the results are summarized and
a conclusion is presented.
II. 3.5 GHZ AND 5 GHZ 64-QAM OFDM
RADIO-OVER-FIBER LINK
A. III-V-on-silicon transmitter
The transmitter is a directly modulated III-V-on-silicon
DFB laser. The laser is fabricated by divinylsiloxane-bis-
benzocyclobutene (DVS-BCB) adhesive wafer bonding of an
InP/AlGaInAs multi-quantum-well (MQW) epitaxial stack to
a silicon photonic integrated circuit [10]. The gain section is
defined in the bonded III-V material by contact lithography
followed by a combination of wet and dry etching. The silicon
PIC contains 400 nm thick silicon ridge waveguides with a
180 nm etch depth, planarized down to the silicon device
layer using SiO2. Underneath the III-V gain material a DFB
grating (grating period 245 nm, grating duty cycle of 50%,
340 µm length) is defined in the silicon waveguide. The
light is coupled from the InP gain section to the passive Si
waveguide by tapering both the InP and Si waveguide, using
180 µm long taper structures. The taper structure insures high
coupling efficiency and low reflection. The taper structures are
electrically isolated from the DFB laser and are DC biased
at 5 mA. The laser is connected to a fiber-to-chip grating
coupler in the silicon. A schematic of the device together with
a microscope image is shown in Fig. 1.
The III-V-on-silicon DFB laser was first characterized on
a temperature-controlled stage and contacted using electrical
probe needles. The series resistance of the device is 7 Ohm.
The threshold current is 20 mA and the output power coupled
to the silicon waveguide is approximately 3 mW for 100
mA bias current. The light is coupled from the Si waveguide
into a cleaved single mode fiber with a fiber-to-chip grating
coupler with a coupling efficiency of -7 dB. The laser shows
excellent single mode behavior at 1570 nm, with a side mode
suppression ratio of 40 dB. To determine the laser frequency
response a small signal measurement was performed using
a Keysight PNA-X 67 GHz network analyzer. In Fig. 3 the
response of the laser is shown for three different bias currents.
It is clear that the bandwidth increases with increasing bias
current, due to the shift of the relaxation oscillation resonance
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Fig. 1: (a) Microscope image of the Tx PIC showing an array
of III-V-on-silicon DFB lasers. The vertical grating coupler
is indicated with GC. The contact pads for the RF probe are
indicated with G (Ground) and S (Signal). The contact pads
for the tapers are indicated with B (Bias). (b) Schematic side-
view of the III-V-on-silicon laser.(c) Small-signal response of
the laser for different bias currents.
frequency. At an injection current of 100 mA a bandwidth
above 10 GHz is obtained.
B. Ge-on-Si Receiver with integrated TIA
The receiver consists of a 14 µm long Ge-on-Si waveguide-
coupled avalanche photodetector (APD) on a silicon photonic
integrated circuit co-integrated with a TIA. The photodetector
cross-section is shown in Fig. 2a. The photodetector consists
of a 400 nm thick and 1000 nm wide Ge slab epitaxially
grown on top of a n-doped Si waveguide. The Ge is p-doped
and contacted with tungsten plugs. Due to this geometry and
by optimizing the doping profile very high electrical fields
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Fig. 2: (a) Cross section of the Ge-on-Si Avalanch Photode-
tector. The blue area denotes n-doped Si. (b) Cross section of
the Ge-on-Si lateral p-i-n photodetector.
are created at low voltages in the germanium, allowing for
avalanche operation at low bias voltages.
A gain-bandwidth product of 100 GHz is achieved [11]. The
PIC was co-integrated with the TIA on a printed circuit board
using wire bonding. The TIA was designed in 0.13m SiGe
BiCMOS technology and was designed for linear operation
with an APD [12]. It consumes 200 mW in operation. The
receiver has variable gain settings and the entire amplifier
chain is designed for high linearity (no internal hard decisions)
over the whole operating range.
C. Link characterization
While this Tx/Rx combination was previously used for
10 Gbps non-return-to-zero digital data reception [13], the
linearity or the influence of the avalanche gain on the complex
modulation formats used in an analogue RoF link was not yet
investigated. For the characterization of the link the III-V-on-
silicon DFB laser was mounted on a temperature-controlled
stage, kept at a constant temperature of 20C. The laser was
contacted using a 40 GHz bandwidth Cascade RF probe. The
laser was biased using a bias-T and a stable current source. An
Anritsu MS2692A was used as both a data signal generator
(SG) and analyzer. The output of the SG was amplified by
a 50 GHz bandwidth SHF amplifier with 14 dB gain. The
laser diode did not have a 50 Ohm matching network and
therefor part of the input signal is reflected to the amplifier.
The optical output of the laser is -3 dBm in the fiber at 100
mA bias current due to the 7 dB loss of the grating coupler.
To compensate these losses and to be able to vary the input
power on the receiver without adjusting the laser bias current,
Fig. 3: Overview of the LTE link experiment setup.
a Keopsys Erbium Doped Fiber Amplifier (EDFA) and Santec
OTF-350 optical filter was used. The EDFA was used in active
current control to adjust the power output. The tunable optical
filter (with an insertion loss of 4 dB) was used to filter out
the ASE. The optical signal was coupled onto the receiver
PIC containing the Ge-on-Si PD, again incurring 7dB loss.
A schematic of the measurement setup is shown in Fig. 3.
It is important to note that the EDFA is only necessary to
investigate the signal quality as a function of optical input
power for the receiver. As will be discussed below, no optical
amplification is needed to achieve an rms EVM lower than
1.5%.
First, the linearity of the link was measured using a two-
tone third-order intercept point (IP3) measurement. This mea-
surement was performed using the Anritsu MS2692A both
as SG and spectrum analyzer. The bias current of the laser
was 100 mA. The waveguide-coupled optical power received
by the Ge photodiode was -9 dBm. The measurement was
performed with two tones spaced 5 MHz at both 3.5 and
5 GHz. The measurement results are presented in Fig. 4.
For a carrier frequency of 3.5 GHz we find a spurious free
dynamic range (SFDR) of 90.2dB · Hz2/3, while for 5 GHz
the SFDR degrades slightly by 1.4 dB which is consistent with
the low-frequency roll-off shown in Fig. 1c. This is worse
than current state-of-the-art MZM based links [15]. However,
the link experiment discussed below proves that the linearity
is sufficient for error-free LTE-signal transmission. At 3.5
and 5 GHz carrier frequencies, the third-order input intercept
point (IIP3) occurs for 19.5 dBm and 22 dBm of input power
respectively.
In a first transmission experiment a 20 MHz bandwidth
120 Mbit/s 64-QAM OFDM signal, which corresponds to
a LTE compliant test signal, was transmitted on a 3.5 GHz
carrier. Measurements were done both in an optical back-to-
back configuration and using a 5 km standard single mode fiber
(SMF) link. The photodiode was used in p-i-n mode using
2 V reverse bias. An electronic back-to-back measurement,
without electro-optic conversion gave a root mean square (rms)
EVM of 0.6 %. When the signal was transmitted over 50
m of optical fiber the rms EVM degraded to 1.4 %. When
the length of the fiber span is increased to 5 km the EVM
degraded further to 1.7 %. This still corresponds to error-free
operation. At 5 GHz carrier frequency, an electric back-to-back
measurement gave an rms EVM of 0.6 %. Optical transmission
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Fig. 4: IP3 measurement of the link for a carrier frequency of
(a) 3.5 GHz and (b) 5 GHz. NF: noise floor, IM3: intermod-
ulation, IIP3: input intercept point.
(a) (b)
Fig. 5: Received constellation diagrams of a 64-QAM OFDM
signal (of a representative subcarrier) for a carrier frequency
of (a) 3.5 GHz and (b) 5 GHz.
over 5 km of SMF showed a good signal quality, however the
EVM degraded to 3.7 % (resulting in a bit error ratio (BER)
of approximately 10−8). The 64-QAM constellations of both
signals (for a representative sub-carrier) can be found in Fig.
5.
To analyze the impact of using the photodetector in
avalanche mode, we studied the photocurrent and EVM as
Fig. 6: The rms EVM and APD current of a 3.5 GHz
carrier 64-QAM OFDM signal transmitted over 5 km SMF
as function of the reverse bias of the APD.
function of the reverse bias on the photodetector for a 5
km link length. At 2 V reverse bias the PD functions as a
standard p-i-n detector with a responsivity of 0.6 A/W. To
achieve avalanche amplification a reverse bias greater than 4
V is needed. Maximum amplification (M = 2.7) is found for
a reverse bias of 6.2 V. From the graph in Fig. 6 (using an
average optical input power on the detector of -11.5 dBm) we
see strong increase in the photocurrent beyond 4 V reverse
bias. At the same time the EVM decreases, which means that
the signal is amplified without the excess noise deteriorating
the signal quality. Since the increase in reverse bias only
causes a minute increase in power consumption compared to
the power consumption of the laser or an optical amplifier,
it provides a very power-efficient gain mechanism, allowing
longer amplifier free link-spans.
In a second measurement, we studied the signal quality as
function of optical input power, for the PD in p-i-n and APD
mode. The RF power provided by the SG was in this case fixed
to -16 dBm, and the link length was 5 km. We see that for
higher optical input powers the signal quality improves and the
EVM drops below 3%, corresponding to error-free operation.
For low optical input power the signal quality is substantially
better in APD mode. As the optical power increases the rms
EVM of the p-i-n and APD mode converge. This shows that
we can improve the sensitivity of the receiver by using the
APD mode without compromising the performance at higher
input power levels. This also illustrates that an EDFA is not
necessary to achieve error-free transmission, even using the
non-optimized fiber-to-chip grating couplers implemented in
the Tx and Rx. Without EDFA (resulting in -10 dBm received
optical power) a 4 dB (7 dB) margin is obtained in p-i-n
(APD) mode. Using high-efficiency fiber-chip interfaces, e.g.
edge couplers with 1 dB insertion loss [14], the link budget
would be further increased allowing passive optical splitting
in antenna arrays without optical amplification.
Furthermore, we investigated the signal quality as a function
of the RF input power provided by the SG, using the photode-
tector in avalanche mode (-6.2 V) and using an average optical
input power on the detector of 70 uW (link length of 5 km).
5Fig. 7: The rms EVM as function of the optical power received
by the Ge-on-Si PD. The RF power at the SG was kept
constant at -16 dBm.
Fig. 8: The rms EVM as function of the RF power provided
by the signal generator to the laser. The optical power received
by the Ge-on-Si PD was -11.5 dBm and the PD was operated
in APD mode at 6.2 V reverse bias.
This measurement shows we have a wide range of RF input
powers delivering an EVM below 5 %. The increase in EVM
for higher input powers can be understood, as overdriving
the laser greatly compromises the linearity. When the driving
signal is too low in power the SNR becomes insufficient.
III. 16 GBPS 16-QAM LINK AT 20 GHZ CARRIER
FREQUENCY
A. III-V-on-silicon transmitter
The same III-V-on-silicon transmitter as in the LTE ex-
periment is used for the link at 16 Gbps 16-QAM link at
20 GHz carrier frequency. The laser is biased at 100 mA.
While the carrier frequency is beyond the 3dB modulation
bandwidth of the laser, still good signal transmission can be
obtained, through proper equalization (partly by the peaking
of the receiver response and by using a finite impulse response
(FIR) equalizer, as will be demonstrated below.
Fig. 9: A microscope image of the silicon photonic receiver:
the Ge-on-Si photodetector (small die) wirebonded to the SiGe
BiCMOS TIA (large die). [9]
B. Ge-on-Si Receiver with integrated TIA
Similar to the LTE experiment a waveguide-coupled Ge-on-
Si photodetector co-integrated with a SiGe BiCMOS TIA was
used as receiver. However, in this receiver a 14 µm long lateral
p-i-n photodetector was used [16]. The photodetector cross
section is shown in Fig. 2b. The photodetector consists of a 0.5
µm wide and 0.16 µm thick germanium slab epitaxially grown
on top of a 220 nm thick Si waveguide. A lateral p-i-n structure
is defined with the p-contact and n-contact both on the silicon.
To achieve optimal coupling between the Si waveguide and
Ge absorber, a poly-Si optical taper is used. The responsivity
for a bias voltage of -1 V and a wavelength of 1550 nm is
0.72 A/W. The small-signal bandwidth of the device at a -1 V
bias exceeds 50 GHz. The TIA was fabricated using a 0.13 µm
SiGe BiCMOS process. It consumes approximately 180 mW
and needs a 2.5 V supply. A more detailed description of the
TIA can be found in [17]. Wirebond-based co-integration was
used. A microscope picture of the silicon photonic receiver co-
integrated with the TIA on a high-speed printed circuit board
is shown in Fig. 9.
The small signal electro-optical response of the receiver is
shown in Fig. 10, for -2dBm of waveguide-coupled optical
power. The response shows slight peaking and a 3 dB band-
width of approximately 20 GHz. This peaking was designed in
order to partially compensate for the limited bandwidth of the
III-V-on-silicon laser. The bandwidth is fully determined by
the TIA as the Si-on-Ge PD has a flat response up to 50 GHz.
To asses the linearity of the receiver an IP3 measurement
was performed at 20 GHz using the small-signal set-up. The
PNA-X was used to generate two tones spaced 5 MHz cen-
tered around 20 GHz and the strength of the intermodulation
distortion (2f1−f2 tone) was measured. The result of the IP3
measurement is shown in Fig. 11. The SFDR is 81 dB ·Hz2/3
for a photocurrent of 450 µA.
C. RoF Link demonstration
As with the LTE link, the III-V-on-Silicon laser was placed
on a temperature controlled stage and kept at a constant
temperature of 20 ◦C. It was again contacted with a 40
GHz Cascade RF probe and biased using a Keithley current
source and bias-T. To generate the high bandwidth data
signal a Keysight M8195A Arbitrary Waveform Generator
6Fig. 10: Electro-optical response of the receiver (Ge receiver
and SiGe BiCMOS TIA on a high-speed printed circuit board).
[9]
Fig. 11: IP3 measurement of the Ge-on-Si lateral p-i-n photo-
diode with TIA. The dots represent measured values, the full
lines are extrapolated values. NF: noise floor, IM3: intermod-
ulation, IIP3: input intercept point.
was used . Again the output of the laser is amplified with
an EDFA to compensate the chip-to-fiber coupling losses.
In this experiment 5 km standard SMF was used, before
coupling to the silicon photonic receiver. The output of the
receiver was captured by a 80 GSa/s real-time oscilloscope
(Keysight DSAZ634A). An overview of the measurement set-
up is shown in Fig. 12. A series of transmission experiments
was performed, where the symbol rate of a 16-QAM signal at
20 GHz carrier frequency was increased from 1 to 5 Gbaud.
For each transmission a 29 − 1 symbols long pseudo random
bit sequence (PRBS) was used. The received 1 GBd signal was
equalized online and found to have an error vector magnitude
(EVM) of 5.7%. The EVM was also determined online using
the native vector signal analysis (VSA) software. To determine
the BER, the unequalized waveform of 107 symbols was saved
and loaded into Matlab. There the measured single carrier
signal is directly down mixed to a baseband I/Q signal. To
obtain the symbol sample time of the I/Q signal, the Gardner
algorithm was used [18]. A finite impulse response equalizer
was implemented to reduce the Inter Symbol Interference
Fig. 12: Schematic of the 20 GHz carrier transmission mea-
surement set-up.
(a) 16 Gbps (B2B) (b) 4 Gbps (5 km)
(c) 8 Gbps (5 km) (d) 16 Gbps (5 km)
Fig. 13: Constellation diagrams of 106 16-QAM symbols on
a 20 GHz carrier transmitted (a) electrically back-to-back and
(b-d) over 5 km of SMF.
(ISI). A constellation of the equalized 1 Gbaud (4 Gbps)
signal, based on 106 received symbols, is shown in Fig. 13b.
The equalized transmission was found to be error free for
a series of 107 symbols, resulting in a BER below 2.5 · 10−8.
When no equalization was used, a BER of 5 · 10−5 was
found. We then further investigated the evolution of the online
determined EVM as a function of the symbol rate of the 16-
QAM signal on a 20 GHz carrier. This is shown in Fig. 14.
A steady increase of the EVM up to 4 GBd is observed,
after which it sharply increases to 10 % at 5 GBd. An offline
analysis of the BER for 2 and 4 GBd was also performed by
error counting. This gave a BER of 6 · 10−7 for the 2 GBd
data and 3 · 10−6 for the 4 GBd data. The constellation of the
2 and 4 GBd transmission is also shown in Fig. 13b and 13c
respectively. As a reference the constellation of an electrical
4 GBd back-to-back measurement is shown in Fig. 13a.
These results show that the silicon photonic transmitter and
7Fig. 14: The Error Vector Magnitude (EVM) and Bit Error
Rate (BER) as function of the symbol rate, for a 16-QAM
signal on a 20 GHz carrier. The BER was determined by offline
error counting.
receiver can also be used to transmit a high data-rate complex
modulation format data on a high frequency carrier. Operation
in the 28 GHz frequency window - which is a frequency
band of great interest for 5G wireless networks [19]- is within
reach, as higher bandwidth TIAs (or narrow-bandwidth TIAs
which peak at 28 GHz) are definitely feasible [20] and III-
V-on-Silicon DFB lasers with a bandwidth of 34 GHz have
been demonstrated[21]. Further integrating the laser with a
matching circuit or dedicated driver could improve the channel
quality.
IV. CONCLUSIONS
We have demonstrate the feasibility of using silicon pho-
tonics based transceivers for analogue radio-over-fiber links.
Both a scenario in which a high spectral efficiency LTE signal
is to be transmitted (requiring sufficient linearity of the link
for transmitting the 64-QAM OFDM signal) and a scenario in
which a high bitrate (16 Gbps 16-QAM) signal is transmitted is
discussed. In both cases a directly modulated III-V-on-silicon
laser is used, which simplifies the transmitter architecture. The
use of silicon photonics provides the possibility of scaling,
very much needed in the wireless communication networks of
the future.
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